Haemodynamic changes caused by local anaesthetics may be of major clinical concern. It has been claimed that some drugs (e.g. bupivacaine) may be particularly prone to affect cardiac function [1, 2] . Factors other than high plasma concentrations may influence the risk of reactions occurring, for example the presence of another drug with a similar action on the heart, which accentuates the cardiodepressant action. At the molecular level, local anaesthetics block not only voltage-dependent sodium channels, but also calcium and potassium channels [3, 4] ; thus interactions might be expected to occur with pharmacological agents as diverse as class I antiarrhythmic agents (sodium channel blockers), sulphonylureas (potassium channel blockers) or, most interestingly, calcium antagonists.
There is some evidence to suggest that calcium antagonists may potentiate the cardiac effects of local anaesthetics, including reports of haemodynamic reactions with bupivacaine in verapamil-treated patients [5, 6] . Patients receiving both verapamil and flecainide (a class I c antiarrhythmic agent) exhibited marked cardiodepression [7] and a combination of these two drugs exerted a pronounced negative inotropic effect in healthy volunteers [8] . In conscious dogs, Edouard and colleagues [9] found that verapamil or diltiazem when combined with bupivacaine led to more marked cardiodepression than their combination with lignocaine. Finegan and coworkers [10] demonstrated a two-fold increase in the toxicity of bupivacaine by diltiazem in dogs anaesthetized with fentanyl and pentobarbitone. The combination of bupivacaine and nifedipine was studied by Howie and colleagues [11] who found that the dose of bupivacaine required to reduce left ventricular contractility by 50% was reduced in animals pretreated with nifedipine.
Braun and co-workers [12] investigated the interaction between various dihydropyridines and cationic antiarrhythmic agents in isolated guineapig left atria. In the presence of lignocaine, the negative inotropic potency of nitrendipine was enhanced. In a subsequent study, a similar type of interaction was observed with combinations of lignocaine and two other dihydropyridines, (S')-niguldipine and isradipine [13] .
In the present study we investigated systematically the interaction between calcium antagonists and local anaesthetics in guineapig atria. Our aim was to clarify which of the commonly used calcium antagonists increased the negative inotropic potency of a local anaesthetic (bupivacaine). Our attempts to clarify the molecular mechanism of the interaction between bupivacaine and nifedipine are described in an accompanying article [14] .
Materials and methods
In accordance with national governmental rules, cardiac preparations were obtained from guineapigs (250-400 g body weight) after killing the animals by a sharp blow to the neck. The Tyrode solution in which the organs were prepared and kept during the experiment contained (mmol litre" 1 ): NaCl 137, KC1 2.7, CaCl 2 1.8, NaHCO 3 Isometric force of contraction was measured in left atria mounted in 20-ml organ baths. They were stimulated by platinum electrodes at a frequency of 3 Hz (rectangular pulses, 5-ms duration, Stimulator T, Hugo Sachs, Germany). The force was recorded (5 mN preload) using a SG 4-45 transducer (Swema, Sweden) connected to an amplifier and a chart recorder. Experiments were started after a 30-min equilibration period. Local anaesthetics were administered cumulatively until steady state conditions were reached for each concentration. After washout, the study was repeated in the presence or absence (time-matched controls) of a calcium antagonist. A computer aided fitting (Graph-PAD InPlot 4.03, GraphPAD software, USA) of the dose-response curves was used for each individual experiment and mean half-inhibitory concentrations (EC 50 ) of the local anaesthetics were calculated.
GUINEAPIG WORKING HEART PREPARATION Whole hearts were studied using the working heart configuration (see fig. 3 ) described by Neely and colleagues [15] with the modifications of Grupp [16] . In brief, the hearts were perfused by prewarmed and bubbled saline via a cannula connected to the left atrium. The preload was adjusted to optimum values by placing the reservoir 4-6 cm above the level of the left atrium. The solution was ejected through the aorta into a tube containing a "Windkessel" and a Starling resistance. The afterload was set at 45-60 mm Hg. The hearts were perfused using Tyrode solution supplemented with 10% (v/v) colloid solution (Haemaccel, Behringwerke, Germany). This gelatin solution served to increase the oncotic pressure of the saline, thus reducing formation of oedema. The preparations were stable for > 90 min after switching from the initial Langendorff perfusion mode into working heart mode. Pressures were recorded (Gould-Statham P23ID elements) by placing catheter tips into the aortic cannula, left atrium and left ventricular cavity. Ventricular pressure was differentiated (PhysioDifferentiator, Hugo Sachs, Germany). Maximum (dP/dt +) and minimum values (dP/dr -), peak left ventricular (LV) pressure and mean (maximum + minimum/2) atrial pressure were obtained. All signals were recorded on a four-channel chart recorder (Graphtec Linearcorder WR 3310, Hugo Sachs, Germany). Hearts were allowed to beat spontaneously. In some experiments, a bipolar electrocardiogram (Sirecust 341, Siemens, Germany) was recorded by placing electrodes on the cannulae connected to the aorta and the left atrium, respectively. Atrioventricular (AV) conduction time was assessed measuring the peak-to-peak distance between the P wave and R wave on high-speed chart records (50 mm s~'). Aortic flow and coronary flow were collected over periods of 1 min and cardiac output was calculated. Drugs were dissolved in saline stock solutions and applied using one or two disposable 50-ml syringes. The syringes were mounted in infusion pumps (Injektomat S, Fresenius, Germany) and connected to the tubing between the reservoir and the left atrial cannula. The pump velocity was adjusted (within the range 1-50 ml h" 
STATISTICS
Data are given as arithmetic mean (SD) values from n = 7-8 experiments in atrial preparations or« = 5-6 in working hearts. Data were analysed for significance using the two-tailed t test at P < 0.05, applying the paired format where appropriate.
Results

EXPERIMENTS IN GUINEAPIG LEFT ATRIA
The main finding of our study is illustrated in figure  1 . The negative inotropic effect of the local anaesthetic bupivacaine was assessed by cumulative administration of the drug. The effective concentration range was tested also after treatment with a calcium antagonist, as shown here for nifedipine. The dihydropyridine was applied in a low, nearly ineffective concentration of 10~8 mol litre" 1 (-11 % mean negative inotropy). Afterwards, the negative inotropic effects of bupivacaine were more pronounced. Recovery of contractile force after washout of bupivacaine did not differ from the values in timematched controls in the absence of nifedipine.
The ability of bupivacaine to increase the stimulation threshold of the muscles was also assessed (see gaps and rest-potentiated beats in the mechanograms), but remained unaffected by the dihydropyridine (data not shown). The influence of nifedipine on the negative inotropic potency of the local anaesthetic was evaluated systematically, using concentration-response curves. Local anaesthetic effects were normalized, that is values after pretreatment with nifedipine were set at 100%. We then studied which calcium antagonists affected the negative inotropic potency of a local anaesthetic. Therefore, experiments similar to those described in figures 1 and 2 were performed with bupivacaine after pretreatment with diltiazem, gallopamil, verapamil, felodipine and nitrendipine. All compounds were added in concentrations leading to a moderate reduction in contractile force (table 1) . The increase in potency of bupivacaine was pronounced for the dihydropyridine derivatives (felodipine, nifedipine, nitrendipine), whereas the amphiphilic calcium antagonists led to a smaller change.
The ability of nitrendipine to alter the cardiodepressant effects of local anaesthetics was tested on a broader scale. The degree of potentiation of the negative inotropic effect differed between the various local anaesthetics (table 2) . Bupivacaine and ropivacaine were affected to the largest extent. Notably, the effect of the neutral compound, benzocaine, was only very slightly altered by the presence of nitrendipine. A similar finding was obtained for benzocaine when combined with nifedipine 10" 8 mol litre" 1 , 
EXPERIMENTS IN GUINEAPIG WORKING HEARTS
These findings prompted us to investigate the functional importance of this interaction. Therefore, two local anaesthetics and a calcium antagonist were tested in the isolated guineapig working heart ( fig. 3 ). The dihydropyridine with the most pronounced effect was chosen (nifedipine, see table 1), combined with a local anaesthetic which was severely affected (bupivacaine) and another which remained almost unaffected (benzocaine) in left atria (for the size of effects see table 2). The experimental design resembled the previous one, that is cumulative concentrations of the local anaesthetic were administered. The local anaesthetics were added either alone or, in another series, in the presence of a low concentration of nifedipine (10~8 mol litre" 1 )) which reduced cardiac function to a minor extent (table 3) . Figure 3 Schematic representation of the experimental design to study the isolated work performing guineapig heart. A preload reservoir filled with prewarmed and oxygenized solution was connected to the left atrium. Drugs were administered using infusion pumps. Pressures were recorded in the left atrium (LAP), the left ventricle (LVP) and the tubing to which the aorta was mounted. Cardiac output was measured collecting aortic and coronary outflow.
Coronary flow LVP
The relative effects of bupivacaine and benzocaine on contractility (measured by the positive peak of the first derivative of left ventricular pressure, dP/dt +) and cardiac output are shown in figure 4 . Unlike atrial preparations, only modest cardiodepressant effects (100-50%) can be elicited in the intact heart, because a marked reduction in cardiac function would impede coronary flow and cause cardiac dysfunction. The effects shown here, however, were reversible after washout of the local anaesthestic. This was tested in five of these experiments, where cardiac function always recovered to > 95 % of the pre-drug value after washout. It may be seen from the concentration-response curves in figure 4 that bupivacaine was potentiated in the presence of the dihydropyridine, and benzocaine was not.
We evaluated the concentrations leading to a 20 % change in some variables (or a 10% decrease in Table 3 Benzocaine (mol litre" 1 ) Figure 4 Concentration-response curves for bupivacaine (top) and benzocaine (bottom) to affect left ventricular dP/dt+ and cardiac output (CO) (mean, SD). Open symbols = experiments where bupivacaine (n = 6) or benzocaine (n = 6) was given alone, filled symbols = data for bupivacaine in the presence of nifedipine 10~8 mol litre" 1 (n = 5) and benzocaine in the presence of nifedipine 10" 8 mol litre" 1 (n = 6). spontaneous heart rate, as this variable did not reach 20 % reduction under any of the conditions tested) (table 4) . Aspects of cardiac function related to contractility of the left ventricle (LV pressure, its first derivative and cardiac output), but not beat frequency, were altered at significantly smaller concentrations of bupivacaine in the presence of nifedipine. The effects of benzocaine on the other hand were independent of the presence of the calcium antagonist. The effect of bupivacaine on AV conduction of the electrocardiogram was assessed in four experiments in the presence and absence of nifedipine. Bupivacaine slowed AV conduction time in a concentration-dependent manner from 78 (5) ms (control) to 115 (10) ms (at 3 x 10" 6 mol litre"') 5 but this effect was not influenced by the presence of nifedipine (86(6)ms vs HO(lO)ms). Benzocaine had no effect on this variable, irrespective of the absence (n = 3) or presence (w = 3) of nifedipine (data not shown).
In summary, the effects of bupivacaine, but not benzocaine, on cardiac inotropy, and hence on cardiac function, were enhanced in the presence of the dihydropyridine calcium antagonist nifedipine. The effects of bupivacaine on cardiac rhythm remained unaffected.
Discussion
Combinations of calcium antagonists and local anaesthetics exert pronounced negative inotropic effects. The findings reported in this study confirm and extend previous data from whole animals [10, 11] and isolated organs [12, 13] . For many drug combinations, the observed effects were larger than expected for two drugs which affect a variable in a similar manner by an independent mechanism of action. This is indicated by the changes in EC 50 values of normalized concentration-response curves of the local anaesthetics (tables 1 and 2) . A small leftward shift of the EC 50 may be caused by a simple additive action, but only if the concentrationresponse curves of the drugs are very steep (Hill slope ^> 1) [17] . This was clearly not the case for our experiments carried out in atria with Hill slopes of 0.9-1.2 ( fig. 2) . Therefore, these results indicate that the effects of, for example bupivacaine, are potentiated by nifedipine, for example. This is probably caused by an interaction at the level of a common mechanism of action, such as inhibition of membrane currents.
Compared with atrial preparations, it is more complicated to assess if potentiation takes place in the working heart, because complete concentrationresponse curves could not be obtained for technical reasons (see above). Fortunately, we were able to use the combination of benzocaine and nifedipine as a negative control. The effects of benzocaine on cardiac function resembled closely those of bupivacaine. Its concentration-dependence had a comparable shape and the range of effects covered was similar for both agents. In accordance with the data from atria, benzocaine depressed left ventricular function independent of the presence of nifedipine. This allows us to exclude the possibility that the shift in the various ED 20 o/ o values found with bupivacaine was simply inherent in the experimental design, that is that pre-existing myocardial depression (exerted here by nifedipine) would somehow sensitize the heart towards any type of additional negative inotropic treatment.
Furthermore, it is interesting that the potency of the uncharged local anaesthetic benzocaine to interact with dihydropyridines is low (see fig. 4 , tables 2 and 4). This finding is consistent with the observations of Braun and colleagues [12] , who stressed the importance of the cationic amphiphilic nature for those compounds which interact strongly with nitrendipine. Notably, local anaesthetics are potentiated to a greater extent by dihydropyridines compared with the other calcium antagonists investigated.
Our attempts to correlate the differences between the various local anaesthetics (table 2) to their other pharmacological properties were unsuccessful. For 6-11 derivatives, there was no significant relationship between the extent of their potentiation by nifedipine and: lipophilicity, that is heptane-water partition coefficient (data from Tucker and Mather [18] ): r = -0.14; absolute negative inotropic potency (table 2): r = -0.4; potency to block nerve conduction (data from Tucker and Mather [18] ): r = 0.35; potency to interact with synaptosomal dihydropyridine binding (data from Kwon and Triggle [19] ): r = -0.15.
Clinical concentrations have been reported as approximately 10~6-10~5 mol litre ' for bupivacaine [18] and 10~8-10-7 mol litre" 1 for nifedipine [20] , which correspond with the concentration ranges used in the present study. Regardless of the mechanism (see accompanying article [14] ) of the interaction studied here, its magnitude is of interest. Bupivacaine has a cardiodepressant action which is of particular clinical significance and a potentially harmful interaction with dihydropyridines might be suspected. The relevance of this interaction should be assessed in further investigations in patients.
